1. Introduction {#sec1}
===============

The scaffold protein p62, also known as SQSTM1, is involved in the autophagy degradation of ubiquitinated proteins \[[@bib1],[@bib2]\]. p62 serves as a multifunctional molecule that regulates the key signalling pathways in cancer \[[@bib3]\]. On the one hand, p62 protects cancer cells from cell death caused by different types of stimuli, including oxidative stress, so as to maintain the progress of cancer. On the other hand, p62 is positively correlated with cell death \[[@bib4], [@bib5], [@bib6], [@bib7]\]. Therefore, p62 has multifaceted functions and plays a complex role in determining the outcome of tumorigenesis.

The multifaceted functions of p62 depends on its different domains, which promote its interaction with different proteins. For example, p62 binds to ubiquitinated proteins through its ubiquitin-associated (UBA) domain and is anchored to LC3 in autophagosome membranes via its LC3-interacting region (LIR) domain \[[@bib8]\]. In addition, p62 promotes oxidative stress response through the E3 ligase kelchlike ECH-associated protein 1 (Keap1), regulates NF-κB activation through atypical protein kinases C (aPKCs), receptor interacting protein (RIP) and tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6), regulates cell growth and anabolism through the Ras-related guanosine triphosphate (GTP) binding (RAG) family of guanosine triphosphatases (GTPases) that regulate the mechanistic target of rapamycin complex 1 (mTORC1) \[[@bib9], [@bib10], [@bib11]\]. The N terminal of p62 protein also includes a Phox-Bem1p (PB1) domain, which mediates homo-oligomerization and other protein-protein interactions. In addition to these known functions, more and more studies believe that p62 is an important molecule linking autophagy and apoptosis. Studies have found that p62-mediated caspase 8-dependent apoptosis, but its molecular mechanism is still unclear.

Caspase-8 is a key protein in the extrinsic apoptotic pathway and its activation depends on oligomerization and self-cleavage. After activation, full-length caspase-8 is cleaved into p43/41 and p10 fragments, which are released into the cytoplasm to activate downstream caspases. Typical caspase-8 activation pathways rely on cell-surface death receptors through the death-inducing signaling complex (DISC) \[[@bib12]\]. Therefore, recent studies have shown that TRAIL can induce p62-dependent activation of caspase-8, and the accumulation of p62 can also promote the activation of caspase-8 \[[@bib13]\]. In addition, the activation of caspase-8 has been confirmed to cleave p62 protein and ultimately activate mTOR \[[@bib14]\]. Therefore, the relationship between p62 and caspase-8 is very difficult to understand, and the exploration of the regulatory mechanism of p62 and caspase-8 helps to clarify the correlation between autophagy and apoptosis.

Oroxylin A (C~16~H~12~O~5~) is a flavonoid compound isolated from the root of scutellaria baicalensis, a traditional Chinese herbal medicine. It has been reported that Oroxylin A has antioxidant, anti-inflammatory and anti-tumor activities \[[@bib15], [@bib16], [@bib17]\]. In terms of anti-tumor effect, Oroxylin A has been proved to have the effect of inducing autophagy and apoptosis \[[@bib18]\]. But the molecular mechanisms involved remain unclear. Our study found that the apoptosis induction effect of Oroxylin A is dependent on the p62-mediated activation of caspase-8.

2. Results {#sec2}
==========

2.1. Oroxylin A inhibits cell growth in human cancer cells {#sec2.1}
----------------------------------------------------------

To evaluate the antitumor activity of oroxylin A. The inhibitory effects of oroxylin A on the growth of human non-small cell lung cancer cells A549 and H460, breast cancer cells MCF-7 and MDA-MB-231, glioma cells LN229 and U87, colon cancer cells HCT116 and RKO and hepatocellular carcinoma cells SMMC-7721, HepG2 and MHCC-97H were studied by MTT assay. As shown in [Fig. 1](#fig1){ref-type="fig"}A, hepatocellular carcinoma cells are more sensitive to oroxylin A than other types of tumor cells, excluding MCF-7 cells and HCT116 cells. In addition, we found that the growth inhibition effect of oroxylin A for 24 h treatment on tumor cells was not as effective as 48 h treatment. The IC~50~ values of oroxylin A in SMMC-7721, HepG2 and MHCC-97H cells were 40.34, 48.58 and 41.02 μM for 48 h treatment, respectively. Then, we examined the effect of 16, 32 and 64 μM oroxylin A on cell survival. As shown in [Fig. 1](#fig1){ref-type="fig"}B, oroxylin A significantly inhibited hepatocellular carcinoma cell survival, but had no significant effect on other cell survival, excluding MCF-7 cells and HCT116 cells.Fig. 1Oroxylin A suppressed human cancer cell growth. (A) MTT assay was used to detect cell surviving fraction after treatment of different concentrations of oroxylin A for 24 h and 48 h in A549, H460, MCF-7, MDA-MB-231, LN229, U87, HCT116, RKO, SMMC-7721, HepG2 and MHCC-97H cells. (B) Effect of certain concentration oroxylin A on the surviving fraction in human cancer cell were measured by MTT assay. Data are presented as mean ± SD. *\*P* \< 0.05, *\*\*P* \< 0.01 compared with DMSO group.Fig. 1

2.2. Oroxylin A induces apoptosis in hepatocellular carcinoma cells {#sec2.2}
-------------------------------------------------------------------

To detect the apoptosis induced by oroxylin A in hepatocellular carcinoma cells, Annexin V/PI staining assay was used. As shown in [Fig. 2](#fig2){ref-type="fig"}A, increased apoptotic was detected after oroxylin A treatment for 48 h. The percentage of apoptotic cells were 46.5% ± 3.6%, 57.4% ± 4.5%, and 32.5% ± 5.4% after treated with 64 μM oroxylin A in SMMC-7721, HepG2 and MHCC-97H cells, respectively. After the treatment of pan-caspase inhibitor Z-VAD-FMK, apoptotic cells induced by oroxylin A were reduced. Furthermore, the apoptosis related proteins such as caspase-8, caspase-9, caspase-3 and PARP were investigated by western blots. After treatment with oroxylin A for 48 h, the cleaved caspase-8, cleaved caspase-9, cleaved caspase-3 and cleaved PARP expression increased in a concentration-dependent manner ([Fig. 2](#fig2){ref-type="fig"}B). These results showed that oroxylin A induced apoptosis in hepatocellular carcinoma cells. Studies have shown that oroxylin A induced autophagy in the upstream of apoptosis and promotes apoptosis of hepatocellular carcinoma cells \[[@bib18]\]. Therefore, we investigated autophagy induced by oroxylin A. As shown in [Fig. 2](#fig2){ref-type="fig"}C, the expression of p62 and LC3-II were up-regulated after 16 μM oroxylin A treatment. However, the expression of p62 and LC3-II were not further increased with the increase of oroxylin A concentration. To confirm the effect of autophagy on oroxylin A-induced apoptosis, we tested apoptosis induced by oroxylin A after knockdown of ATG5, which was considered to crucial function around later events of autophagosome formation \[[@bib19]\]. After knockdown of ATG5, oroxylin A-induced apoptosis was decreased in hepatocellular carcinoma cells ([Fig. 2](#fig2){ref-type="fig"}D). Therefore, oroxylin A-mediated apoptosis was blocked by ATG5 knockdown in hepatocellular carcinoma cells.Fig. 2Oroxylin A induced apoptosis in hepatocellular carcinoma cells. (A) Induction of apoptosis was measured by Annexin-V/PI double-staining assay in SMMC-7721, HepG2 and MHCC-97H cells after 16, 32 and 64 μM oroxylin A or 20 μM Z-VAD-FMK treatment (top). Histograms shows the distribution of apoptotic cells for three independent experiments (mean ± SD) (bottom). (B) The levels of cleaved caspase-8, cleaved caspase-3, caspase-9 and PARP were assessed by western blot in SMMC-7721, HepG2 and MHCC-97H cells after 16, 32 and 64 μM oroxylin A treatment. (C) The levels of p62 and LC3 were assessed by western blot in SMMC-7721, HepG2 and MHCC-97H cells after 16, 32 and 64 μM oroxylin A treatment. (D) The level of ATG5 was assessed by western blot in SMMC-7721 cells after knockdown of ATG5 (left). Induction of apoptosis was measured by Annexin-V/PI double-staining assay in SMMC-7721 cells after knockdown of ATG5 (right). Data are presented as mean ± SD. *\*P* \< 0.05, *\*\*P* \< 0.01 compared with DMSO group.Fig. 2

2.3. Caspase-8 activation contributes to oroxylin A-induced apoptosis {#sec2.3}
---------------------------------------------------------------------

Oroxylin A was shown to cleave caspase-8 ([Fig. 2](#fig2){ref-type="fig"}B) and was also found to significantly activate caspase-8 using a caspase-8 activity assay ([Fig. 3](#fig3){ref-type="fig"}A). To confirm the critical role of caspase-8 as a mediator of oroxylin A-induced apoptosis, we used Z-IETD-FMK, a caspase-8 inhibitor, where oroxylin A-induced apoptosis was blocked ([Fig. 3](#fig3){ref-type="fig"}B). Furthermore, caspase-3, caspase-9 and PARP cleavage was attenuated after treatment of Z-IETD-FMK ([Fig. 3](#fig3){ref-type="fig"}C). This suggests that caspase-8 activation was involved in oroxylin A-induced apoptosis. Caspase-8 has been shown to be activated by self-aggregation in response to death receptor stimulation upon ligand binding that enables its recruitment to the DISC \[[@bib20]\]. To exclude the possibility that caspase-8 activation is mediated by the DISC, we utilized FADD shRNA for FADD knockdown ([Fig. 3](#fig3){ref-type="fig"}D). Accordingly, oroxylin A-induced apoptosis and cleavage of caspase-8, caspase-3, caspase-9 and PARP was also not affected by FADD knockdown ([Fig. 3](#fig3){ref-type="fig"}E and F). In summary, the activation of caspase-8, which is independent of FADD, contributed to oroxylin A-induced apoptosis.Fig. 3Caspase-8 mediated the apoptosis induced by oroxylin A in SMMC-7721 cells. (A) The caspase-8 activity was measured in SMMC-7721 cells after 16, 32 and 64 μM oroxylin A treatment. (B) Induction of apoptosis was measured by Annexin-V/PI double-staining assay in SMMC-7721 cells after treatment of 50 μM Z-IETD-FMK and 64 μM oroxylin A. (C) The levels of cleaved caspase-3, caspase-9 and PARP were assessed by Western blot in SMMC-7721 cells after treatment of 50 μM Z-IETD-FMK and 64 μM oroxylin A. (D) The levels of FADD was assessed by Western blot in SMMC-7721 cells after knockdown of FADD. (E) Induction of apoptosis was measured by Annexin-V/PI double-staining assay in SMMC-7721 cells after knockdown of FADD. (F) The levels of cleaved caspase-8, cleaved caspase-3, caspase-9 and PARP were assessed by Western blot in SMMC-7721 cells after knockdown of FADD. Data are presented as mean ± SD. *\*P* \< 0.05, *\*\*P* \< 0.01 compared with DMSO group.Fig. 3

2.4. p62 is involved in oroxylin A-induced apoptosis and caspase-8 activation in hepatocellular carcinoma cells {#sec2.4}
---------------------------------------------------------------------------------------------------------------

In addition to the DISC-mediated caspase-8 activation, p62 has also been reported to activate caspase-8 \[[@bib6],[@bib21]\]. Basic expression levels of p62 protein in different cell lines were detected and showed that p62 was highly expressed in HCT116, SMMC-7721, HepG2, MHCC-97H and MCF-7 cells ([Fig. 4](#fig4){ref-type="fig"}A). By comparing the results in [Fig. 1](#fig1){ref-type="fig"}, it is not difficult to find that p62 is highly expressed in cells sensitive to oroxylin A. Therefore, we speculated that p62 mediated apoptosis induced by oroxylin A. To clarify the role of p62 in oroxylin A-induced apoptosis, we reduced the expression of p62 in hepatocellular carcinoma cells ([Fig. 4](#fig4){ref-type="fig"}B). Knockdown of p62 resulted in decreased sensitivity to oroxylin A in hepatocellular carcinoma cells ([Fig. 4](#fig4){ref-type="fig"}C). In addition, knockdown of p62 did not affect cell growth ([Fig. 4](#fig4){ref-type="fig"}D). This suggests that the decreased sensitivity to oroxylin A induced by knockdown of p62 was not caused by the difference in cell growth. Furthermore, oroxylin A-induced apoptosis was attenuated after knockdown of p62 ([Fig. 4](#fig4){ref-type="fig"}E). In order to explore the mechanism of p62 in oroxylin A-induced apoptosis, we examined whether p62 interferes with caspase-8 activation. As shown in [Fig. 4](#fig4){ref-type="fig"}F, knockdown of p62 decreased caspase-8 activity induced by oroxylin A. Furthermore, caspase-8 cleavage was attenuated after knockdown of p62 ([Fig. 4](#fig4){ref-type="fig"}G). These results suggested that p62 was involved in oroxylin A-induced apoptosis and caspase-8 activation in hepatocellular carcinoma cells.Fig. 4Knockdown of p62 attenuates oroxylin A-induced apoptosis and caspase-8 activation in hepatocellular carcinoma cells. (A) The levels of p62 was assessed by western blot in A549, H460, MCF-7, MDA-MB-231, LN229, U87, HCT116, RKO, SMMC-7721, HepG2 and MHCC-97H cells. (B) The levels of p62 was assessed by western blot in SMMC-7721, HepG2 and MHCC-97H cells after transfection of p62 shRNA. (C) Effect of certain concentration oroxylin A on the surviving fraction were measured by MTT assay in SMMC-7721, HepG2 and MHCC-97H cells after knockdown of p62. (D) MTT assay was used to detect cell surviving fraction after culture for 12 h, 24 h, 48 h and 72 h in SMMC-7721, HepG2 and MHCC-97H cells. (E) Induction of apoptosis was measured by Annexin-V/PI double-staining assay in SMMC-7721, HepG2 and MHCC-97H cells after knockdown of p62. (F) The caspase-8 activity was measured in SMMC-7721 cells after knockdown of p62. (G) The levels of cleaved caspase-8 was assessed by western blot in SMMC-7721 cells after knockdown of p62. Data are presented as mean ± SD. *\*P* \< 0.05, *\*\*P* \< 0.01.Fig. 4

2.5. Caspase-8 activation induced by oroxylin A causes the cleavage of p62 {#sec2.5}
--------------------------------------------------------------------------

The apoptosis induced by oroxylin A was further increased with the increase of oroxylin A concentration in hepatocellular carcinoma cells ([Fig. 2](#fig2){ref-type="fig"}A). While oroxylin A was shown to increase p62 expression at 16 μM, but does not further increase the expression of p62 with the increase of oroxylin A concentration ([Fig. 2](#fig2){ref-type="fig"}C). There seems to be a discrepancy, but studies have found proteolytic cleavage of p62 by caspase-8 determines whether p62 functions as an mTORC1 signaling adaptor or autophagy receptor \[[@bib22]\]. Therefore, the cleavage of p62 was detected after oroxylin A treatment. As shown in [Fig. 5](#fig5){ref-type="fig"}A, the appearance of a shorter (\~40 kDa) p62 protein on oroxylin A concentration for long exposure. Compared with other flavonoids and chemotherapy drugs, the cleavage of p62 depends on the treatment of oroxylin A or wogonin ([Fig. 5](#fig5){ref-type="fig"}B). Moreover, the cleavage of p62 was diminished after treatment of Z-VAD-FMK or Z-IETD-FMK ([Fig. 5](#fig5){ref-type="fig"}C). Studies have found that two mutations in p62 (D329H and D329G) that affect the caspase-8 cleavage site and therefore abolish p62 cleavage generation. Therefore, immunoblots from HEK293T cells transfected with Flag-p62 WT, Flag-p62 D329H or D329G variant and left treated with oroxylin A. As shown in [Fig. 5](#fig5){ref-type="fig"}D, p62 D329H and D329G variant were resistant to oroxylin A--mediated cleavage. Furthermore, oroxylin A-induced apoptosis was attenuated in HEK293T cells after transfection of Flag-p62 D329H or D329G variant ([Fig. 5](#fig5){ref-type="fig"}E). These results indicated that caspase-8--mediated cleavage of p62 was involved in oroxylin A-induced apoptosis.Fig. 5Oroxylin A induced caspase-8 to cleave p62. (A) The levels of p62 and cleaved p62 were assessed by western blot in SMMC-7721, HepG2 and MHCC-97H cells after 16, 32 and 64 μM oroxylin A treatment. (B) The levels of p62 and cleaved p62 were assessed by western blot in SMMC-7721 cells after 64 μM oroxylin A, 150 μM wogonin, 50 μM GL-V9, 100 nM doxorubicin and 100 nM SN-38 treatment. (C) The levels of p62 and cleaved p62 were assessed by western blot in SMMC-7721 cells after 64 μM oroxylin A treatment or combined with 20 μM Z-VAD-FMK or 50 μM Z-IETD-FMK. (D) The levels of p62 were assessed by western blot in HEK293T cells after transfection with Flag-p62 WT, Flag-p62 D329G or D329H variant. (E) Induction of apoptosis was measured by Annexin-V/PI double-staining assay in HEK293T cells after transfection with Flag-p62 WT, Flag-p62 D329G or D329H variant. Data are presented as mean ± SD. *\*P* \< 0.05, *\*\*P* \< 0.01.Fig. 5

2.6. Oroxylin A-triggered p62 cleavage induces oxidative stress through down-regulation of Nrf2 {#sec2.6}
-----------------------------------------------------------------------------------------------

Extensive studies have confirmed that p62 promotes NF-κB activation through atypical protein kinases C (aPKCs), receptor interacting protein (RIP) and tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6), and promotes Nrf2 activation through the E3 ligase kelchlike ECH-associated protein 1 (KEAP1) ([Fig. 6](#fig6){ref-type="fig"}A) \[[@bib9],[@bib23]\]. Therefore, we next studied the effect of oroxylin A on NF-κB and Nrf2 signaling pathway. By detecting the transcription downstream genes of NF-κB and Nrf2 signaling pathway, it was found that oroxylin A could up-regulate the mRNA levels of IL-1β and IL-6, and down-regulate the mRNA levels of HO-1, SOD1 and NQO-1 ([Fig. 6](#fig6){ref-type="fig"}B and C). Similarly, oroxylin A significantly down-regulated Nrf2, HO-1 and NQO1 expression ([Fig. 6](#fig6){ref-type="fig"}D). These results suggested that oroxylin A down-regulated Nrf2 signaling pathway. In previous studies, the caspase-8 cleavage site was narrowed down to Asp^329^, which was between the TB domain and the LIR domain ([Fig. 6](#fig6){ref-type="fig"}A) \[[@bib11]\]. Therefore, the reason for this result may be that oroxylin A-triggered p62 cleavage loses its binding site with Keap1 and thus inhibits Nrf2 signaling pathway. The inhibition of Nrf2 signaling pathway leads to increased oxidative stress. Therefore, it was found that oroxylin A increased the ROS level in SMMC-7721 cells, while inhibition of caspase-8 activation reversed oroxylin A-mediated the increase of ROS level ([Fig. 6](#fig6){ref-type="fig"}E). In conclusion, oroxylin A induced oxidative stress and down-regulated Nrf2 by triggering p62 cleavage.Fig. 6Oroxylin A-driven p62 cleavage down-regulated Nrf2 to induce oxidative stress. (A) Domain composition of human p62/SQSTM1 showing the caspase-8 cleavage site (not to scale). Blue arrows point to regions for interactions with the indicated proteins. (B) The IL-1β and IL-6 mRNA was measured by real-time PCR following 64 μM oroxylin A treatment or p62 knockdown in SMMC-7721 cells. (C) The HO-1, SOD1 and NQO-1 mRNA was measured by real-time PCR following 64 μM oroxylin A treatment or p62 knockdown in SMMC-7721 cells. β-actin was used as internal control. The relative levels were calculated to β-actin mRNA expression. (D) The levels of Nrf2, HO-1 and NQO-1 were assessed by western blot following 64 μM oroxylin A treatment or p62 knockdown in SMMC-7721 cells. (E) The ROS level was assessed following 64 μM oroxylin A and 50 μM Z-IETD-FMK treatment in SMMC-7721 cells. Data are presented as mean ± SD. *\*P* \< 0.05, *\*\*P* \< 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 6

2.7. p62 is involved in oroxylin A-exerted antitumor effect in xenograft mice inoculated SMMC-7721 tumor {#sec2.7}
--------------------------------------------------------------------------------------------------------

A xenograft model transplanted with SMMC-7721 tumor was applied to evaluate the antitumor effect of oroxylin A *in vivo*. At the same measurement day, the tumor volume of oroxylin A treatment group mice was smaller than control group mice, while after knockdown of p62, the tumor volume of oroxylin A treatment group mice was not significantly different from that of control group mice ([Fig. 7](#fig7){ref-type="fig"}A). The tumor size was also visually smaller in oroxylin A treatment group, but tumor size did not appear to change significantly after knockdown of p62 ([Fig. 7](#fig7){ref-type="fig"}B). Moreover, the tumor weight of oroxylin A-treated mice was significantly smaller than control group, while the tumor weight did not change after knockdown of p62 ([Fig. 7](#fig7){ref-type="fig"}C). Taken together, all these results suggested that p62 mediates the inhibitory effect of oroxylin A on tumor growth.Fig. 7Effects of oroxylin A on the tumorigenicity in SMMC-7721 cells *in vivo*. (A) Tumor volume of control and oroxylin A treatment groups in SMMC-7721 cells or in knockdown of p62 SMMC-7721 cells were measured and calculated once every 3 days. (B) Images of SMMC-7721 tumors from indicated group on day 21. (C) Weight of tumor in control and oroxylin A treatment groups. Data are presented as mean ± SD. *\*P* \< 0.05, *\*\*P* \< 0.01.Fig. 7

3. Discussion {#sec3}
=============

Oroxylin A has been proved to have a significant anti-tumor effect, but the anti-tumor mechanism is still under further study \[[@bib24], [@bib25], [@bib26], [@bib27]\]. In order to evaluate the antitumor activity of oroxylin A, we tested the inhibitory effect of oroxylin A on cell growth in different tumor cell lines. Results showed that oroxylin A significantly inhibited the cell growth in hepatocellular carcinoma cells. Further studies showed that oroxylin A promoted caspase-8-mediated apoptosis. P62 was involved in caspase-8 aggregation to mediate extrinsic apoptosis signaling \[[@bib28]\]. Therefore, we examined the expression of p62 in different tumor cell lines. The results showed that cells with high expression of p62 were more sensitive to oroxylin A than cells with low expression of p62. After knockdown of p62 expression, the apoptosis and caspase-8 activation induced by oroxylin A were significantly inhibited. In addition, we also found that oroxylin A caused the cleavage of p62, which was dependent on the proteolytic effect of caspase-8. Due to the absence of the KIR domain that interacts with Keap1, the cleaved p62 reduced the stability of Nrf2 and further induces oxidative stress \[[@bib29],[@bib30]\]. Together these data indicated that oroxylin A triggered apoptosis through caspase-8 activation and p62/SQSTM1 proteolysis in hepatocellular carcinoma cells.

In our study we examined the effects of oroxylin A on cell growth in different tumor cell lines, we found that hepatocellular carcinoma cell lines such as SMMC-7721, HepG2 and MHCC-97H, breast cancer cell line MCF-7 and colorectal cancer cell line HCT116 were sensitive to oroxylin A ([Fig. 1](#fig1){ref-type="fig"}). Subsequent studies found that the sensitivity of oroxylin A may be related to the level of p62 expression. Therefore, we decreased the p62 expression in hepatocellular carcinoma cell lines and found that the sensitivity of oroxylin A was reduced after knockdown the p62 expression ([Fig. 4](#fig4){ref-type="fig"}C and E). Further studies confirmed that knockdown of p62 suppressed caspase-8 activation induced by oroxylin A ([Fig. 4](#fig4){ref-type="fig"}F and G). The above results suggest that p62 may be the key molecule to determine the anti-tumor effect of oroxylin A.

Autophagy is thought to be an intracellular degradation system that delivers cytoplasmic proteins to lysosomes \[[@bib31]\]. In our study, oroxylin A-induced apoptosis was inhibited after ATG5 knockdown ([Fig. 2](#fig2){ref-type="fig"}D). This result indicated that autophagy was related to oroxylin A-induced apoptosis, which was consistent with the results of 3-MA inhibiting apoptosis induced by oroxylin A \[[@bib18]\]. While p62 is itself degraded by autophagy and may serve to link ubiquitinated proteins to the autophagy degradation in the lysosome. Since p62 accumulates when autophagy is inhibited, and decreased levels can be observed when autophagy is induced \[[@bib32]\]. Therefore, ATG5 knockdown-mediated p62 accumulation and subsequent Nrf2 activation leads to the decrease of oroxylin A-induced apoptosis.

The involvement of p62 in caspase-8 activation has been confirmed by more and more studies. Meanwhile, p62 has also been shown to be cleaved by caspase-6 and caspase-8 *in vitro* \[[@bib33]\]. In our study, it is accidentally found that oroxylin A caused the cleavage of p62 by proteolytic cleavage of caspase-8 ([Fig. 5](#fig5){ref-type="fig"}A). In addition to oroxylin A, wogonin, a flavonoid compound isolated from *scutellaria baicalensis* root, also caused the cleavage of p62. Interestingly, GL-V9, a derivative of wogonin, and the chemotherapy drugs doxorubicin and SN-38 failed to cause the cleavage of p62 ([Fig. 5](#fig5){ref-type="fig"}B). Additionally, p62 can promote the activation of NF-κB and Nrf2 \[[@bib34]\]. However, oroxylin A promoted the transcription of NF-κB downstream target genes and inhibited the transcription of Nrf2 downstream target genes ([Fig. 6](#fig6){ref-type="fig"}B and C). These results may be due to the fact that the cleavage of p62 by caspase-8 maintained only the domains associated with NF-κB activation, such as PB1, ZZ, and TB, while KIR, a domain interacted with Keap1, was cleaved away that lose the function to stabilize Nrf2. The instability of Nrf2 triggered by oroxylin A caused oxidative stress, which increased ROS levels. This may be the reason why oroxylin A promoted caspase-9 activation.

In conclusion, the present study demonstrated that oroxylin A triggered apoptosis through caspase-8 activation and p62/SQSTM1 proteolysis in hepatocellular carcinoma cells. We provide evidence that p62 was the key protein of oroxylin A-induced apoptosis. On the one hand, p62 promoted caspase-8 activation. On the other hand, caspase-8 caused p62 cleavage, which leads to oxidative stress. This implies that oroxylin A may be a potential treatment for hepatocellular carcinoma ([Fig. 8](#fig8){ref-type="fig"}). However, the integrated safety assessment and optimization of treatment options in clinical application of oroxylin A deserve further study.Fig. 8The possible mechanism of oroxylin A inducing autophagy-related apoptosis. Oroxylin A promotes caspase-8 activation and p62 proteolysis through the interaction of procaspase-8 and p62. On the one hand, caspase-8 activation triggered apoptosis. On the other hand, cleaved p62 inhibited Nrf2 to generate oxidative stress and eventually triggered apoptosis.Fig. 8

4. Materials and methods {#sec4}
========================

4.1. Reagents and antibodies {#sec4.1}
----------------------------

Oroxylin A was isolated from the root of *Scutellaria baicalensis* as previously described \[[@bib35]\]. Samples containing oroxylin A at a minimum of 99% purity were used for the experiments unless otherwise indicated. Oroxylin A was dissolved in dimethylsulfoxide (DMSO) as a stock solution, stored at −20 °C, and freshly diluted with medium to the final concentration *in vitro* study.

DMSO was purchased from Sigma-Aldrich (St. Louis, USA). BSA was purchased from Roche Diagnosis Ltd. (Shanghai, China).

Primary antibodies against to caspase-8, caspase-9, cleaved-caspase-3, PARP, FADD, NQO-1 and β-actin were obtained from ABclonal (ABclonal, Wuhan, China). Antibodies against to Nrf-2 was from Bioworld (Bioworld, OH, USA) and antibodies against to LC3 and HO-1 were purchased from Cell Signaling Technology (CST, MA, USA). Antibodies against to SQSTM1/p62 was from Abcam (Abcam, Cambridge, UK). HRP Goat Anti-Mouse IgG (H + L) and HRP Goat Anti-Rabbit IgG (H + L) were from ABclonal (ABclonal, Wuhan, China). High-sig ECL Western Blotting Substrate was from Tanon (Tanon, Shanghai, China).

4.2. Cell culture {#sec4.2}
-----------------

Human non-small cell lung cancer A549 cells and H460 cells, human breast cancer MCF-7 cells and MDA-MB-231 cells, human glioma LN229 cells and U87 cells, human colon cancer HCT116 cells and RKO cells, human hepatocellular carcinoma SMMC-7721 cells, HepG2 cells and MHCC-97H cells, HEK293T cells were obtained from Cell Bank, Chinese Academy of Sciences. A549 cells were cultured in F-12 medium (Gibco, Waltham, USA). H460, SMMC-7721 and MHCC-97H cells were cultured in RPMI-1640 medium (Gibco, Carlsbad, USA). MCF-7, MDA-MB-231, LN229, U87, HCT116, RKO, HepG2 and HEK293T cells were cultured in DMEM medium (Gibco, Carlsbad, USA). Medium was supplemented with 10% (v/v) fetal bovine serum (Gibco, Carlsbad, USA) and 0.05 mM 2-mercaptoethanol, 100 U/ml benzyl penicillin and 100 mg/m streptomycin. Cells were cultured in a humidified environment with 5% CO~2~ at 37 °C.

4.3. MTT assay {#sec4.3}
--------------

Experiments were done in triplicate in a parallel manner for each concentration of Oroxylin A used and the results are presented as mean ± SEM. Control cells were given culture media containing 0.1% DMSO. After incubation for 24 or 48 h, 20 μL of 5 mg/mL MTT was added to cells, and cells were incubated at 37 °C for another 4 h. The absorbance (A) was measured at 570 nm using an ELx800 automated microplate reader (BioTek Instruments, Inc.). The surviving fraction was calculated using the following equation: surviving fraction = average absorbance of treated group/average absorbance of control group × 100%. IC~50~ values were taken as the concentration that caused 50% surviving fraction and was calculated by the Logit method.

4.4. Annexin V/PI staining {#sec4.4}
--------------------------

Cells were harvested, washed, and resuspended in PBS, then stained with the Annexin V/PI Cell Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China) according to the manufacturer\'s instructions. Data acquisition and analysis were performed with a Becton Dickinson FACS Calibur flow cytometer using Cell-Quest software (BD Biosciences, Franklin Lakes, USA). The cells in early stages of apoptosis were Annexin V positive and PI negative, whereas the cells in the late stages of apoptosis were both Annexin V and PI positive.

4.5. Cell transfection and lentivirus package {#sec4.5}
---------------------------------------------

The shRNA targeting human ATG5, p62 or control shRNA with scrambled sequence, pMD2G and psPAX2 plasmids were transfected into HEK293T cells using Lipofectamine 2000™ reagent (Invitrogen, CA, USA), according to the manufacturer\'s instructions. Virus supernatant was collected 48 h after transfection, and then infected target cells with virus supernatant and selected puromycin for screening. Sequences of specific shRNAs (from Sigma shRNA Mission library) used in this study are as follows:

sh p62\#1 (5'-CCGGCCTCTGGGCATTGAAGTTGATCTCGAGATCAACTTCAATGCCCAGAGGTTTTT-3');

sh p62\#2 (5'-CCGGGCAGATGAGAAAGATCGCCTTCTCGAGAAGGCGATCTTTCTCATCTGCTTTTT-3');

sh p62\#3 (5'-CCGGCCGAATCTACATTAAAGAGAACTCGAGTTCTCTTTAATGTAGATTCGGTTTTT-3');

sh Atg5\#1 (5'-CCGGCCTGAACAGAATCATCCTTAACTCGAGTTAAGGATGATTCTGTTCAGGTTTTT-3');

sh Atg5\#2 (5'-CCGGAGATTGAAGGATCAACTATTTCTCGAGAAATAGTTGATCCTTCAATCTTTTTT-3');

sh FADD (5'-CCGGGTGCAGCATTTAACGTCATATCTCGAGATATGACGTTAAATGCTGCACTTTTT-3')

4.6. Western blot analysis {#sec4.6}
--------------------------

Western blot analysis was performed as previously described \[[@bib36]\]. Protein samples were separated by 10% SDS-PAGE and transferred onto nitrocellulose membranes. The membrane was blocked with 3% no fat milk in PBST at 37 °C for 1 h and incubated with the indicated antibodies overnight at 4 °C, and then with HRP Goat Anti-Mouse IgG (H + L) or HRP Goat Anti-Rabbit IgG (H + L) secondary antibody for 1 h at 37 °C. The samples were visualized with High-sig ECL Western Blotting Substrate (Tanon, Shanghai, China) and Fully Automatic Chemiluminescence Image Analysis System (Tanon, Shanghai, China).

4.7. RNA isolation and qPCR {#sec4.7}
---------------------------

RNA was isolated from cells and reverse transcribed, and qPCR was performed as previously described \[[@bib37]\]. Primer sequences are as follows:

IL-1β F: 5'-ATGATGGCTTATTACAGTGGCAA-3'; R: 5'-GTCGGAGATTCGTAGCTGGA-3';

IL-6 F: 5'- ACTCACCTCTTCAGAACGAATTG-3'; R: 5'- CCATCTTTGGAAGGTTCAGGTTG-3';

HO-1 F: 5'- AAGACTGCGTTCCTGCTCAAC-3'; R: 5'- AAAGCCCTACAGCAACTGTCG-3';

SOD1 F: 5'- GGTGGGCCAAAGGATGAAGAG-3'; R: 5'- CCACAAGCCAAACGACTTCC-3';

NQO-1 F: 5'- GAAGAGCACTGATCGTACTGGC-3'; R: 5'- GGATACTGAAAGTTCGCAGGG-3';

4.8. Measurement of ROS levels {#sec4.8}
------------------------------

The level of ROS was detected using fluorescent dye 2, 7-dichlorofluorescein-diacetate (DCFHDA) obtained from Beyotime (Shanghai, China). Cells were collected and incubated with DCFH-DA for 30 min at 37 °C in the dark. The fluorescence intensity was measured using flow cytometry.

4.9. Animal studies {#sec4.9}
-------------------

Female BALB/c nude mice, 35--40 days old and with weight ranging from 18 to 22 g, were supplied by Shanghai Laboratory Animal Limited Company. The mice were maintained in a pathogen-free environment (23 ± 2 °C and 55 ± 5% humidity) on a 12 h light--12 h dark cycle with food and water supplied ad libitum throughout the experimental period. Mice were subcutaneously inoculated with SMMC-7721 cells (7 × 10^6^). Tumor volume (TV) was calculated using the following formula: TV (mm^3^) = d^2^ × D/2, where d and D are the shortest and the longest diameters, respectively. Animal study and euthanasia was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of the China Pharmaceutical University.

4.10. Statistical analysis {#sec4.10}
--------------------------

The data shown in the study were obtained in at least three independent experiments and all results represent the mean ± S.D. Differences between the groups were assessed by one-way ANOVA test. Details of each statistical analysis used are provided in the figure legends. Differences with *P* values \< 0.05 were considered statistically significant.
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